Background: Acetylcholine is a cell signaling molecule that has been identified in 12 plants, bacteria, and metazoans to play multiple roles in cells and as a neurotransmitter 13 capable of exciting both neurons and muscle. While cell-cell communication activity has 14 been reported in all phyla that have been investigated, its role as a neurotransmitter is 15 less clear. Work within cnidarians implies that neurotransmitter activity emerged within 16 or prior to the emergence of the cnidarian-bilaterian ancestor, but whether or not it is 17 able to excite both muscles and neurons has not been addressed. 18 Results: To investigate the evolution of acetylcholine signaling we characterized the 19 expression pattern of acetylcholine receptors (AchRs) and the neurotransmitter activity 20 of acetylcholine in Nematostella vectensis. Expression patterns for 13 of the 21 known 21 NvAchRs are consistent with acetylcholine acting as a cell signaling molecule and a 22 neurotransmitter in neurons, muscles, or both. To dissect neurotransmitter activity we 23 42 anemones, corals and hydrozoans) (Angelini et al.
investigated the mechanism by which acetylcholine activates tentacular contractions in 24 Nematostella. Tentacular contractions induced by application of acetylcholine are 25 suppressed by inactivating voltage gated sodium channels with lidocaine indicating that 26 acetylcholine specifically activates neurons in the tentacular contractile circuit.
27
Conclusion: Our results verify that acetylcholine's neurotransmitter activity emerged 28 prior to cnidarian-bilaterian divergence and that non-neuronal roles were likely retained 29 in Nematostella. Additionally, we found no evidence to support a muscle activating role 30 for acetylcholine indicating that its role in muscle excitability evolved during bilaterian 31 evolution. 32 33 INTRODUCTION: 34 Cholinergic signaling is characterized by the release of the ligand acetylcholine 35 from one cell, binding to and activating heteropenteramic acetylcholine receptors in 36 responding cells (Dani, 2001) . Acetylcholine and the enzymes necessary to synthesize 37 it have been identified in bacteria, fungi, and all metazoan clades (Horiuchi et al., 2003;  38 Kawashima et al., 2007 ; Joseph F. Ryan, 2014; Srivastava et al., 2008) . However, 39 acetylcholine receptors have not been identified outside of metazoans (Horiuchi et al., 40 2003). Within metazoans acetylcholine receptors have been described in bilaterians 41 (vertebrates, echinoderms, insects, nematodes, and annelids, etc.) and cnidarians (sea two classes of acetylcholine receptors. The ionotropic nicotinic acetylcholine receptors 48 (nAchRs) are ligand-gated ion channels that open in response to acetylcholine binding. 49 The metabotropic muscarinic acetylcholine receptors (mAchRs) are G-coupled proteins 50 that activate the associated G-protein signaling cascade that elicits a cellular response 51 when acetylcholine is bound (Dani & Bertrand, 2007; Eglen, 2006) . To date muscarinic 52 receptors are exclusively found in bilaterian animals, whereas previous reports identified 53 nicotinic receptors in multiple cnidarian species (Anctil, 2009; Chapman et al., 2010; 54 Kass-Simon & Pierobon, 2007) . These observations argue that cholinergic signaling 55 through nicotinic acetylcholine receptors evolved prior to cnidarian-bilaterian 56 divergence, but do not provide insights about the ancestral roles for cholinergic 57 signaling. 58 All work to characterize the function of cholinergic receptors has been carried out 59 in bilaterian species thus far. Both nicotinic and muscarinic receptors are best known for 60 their role as neurotransmitters involved in neuronal communication at chemical 61 synapses (Brown, 2010; Dani & Bertrand, 2007) . In neurons acetylcholine activates or 62 inhibits action potentials in receiving cells (Dani, 2001) . Both nicotinic and muscarinic 63 receptors also function to activate muscle contractions and as regulators of cell-cell 64 signaling that results in changes in gene expression, proliferation, and apoptosis in 65 responding cells (Wessler & Kirkpatrick, 2008) . The most notable difference between 66 muscarinic and nicotinic receptors is that nAchRs activate muscle contractions primarily 67 in skeletal muscle whereas mAchRs primarily regulate smooth muscle contractions 68 (Dani & Bertrand, 2007 , Eglen, 2006 . Non-neuronal acetylcholine responses have been 69 described within all metazoans as well as fungi, plants, and bacteria (Horiuchi et al., 70 2003; Kawashima et al., 2007) . Within plants acetylcholine has been found to regulate 71 growth, cellular differentiation, water homeostasis, and photosynthesis (Kawashima et 72 al., 2007) . While non-neuronal acetylcholine within mammalian cells has been 73 implicated in signal transduction, cell-cell contact, proliferation, differentiation, and cell 74 migration (Wessler & Kirkpatrick, 2008) . As acetylcholine has ancient roles regulating 75 multiple aspects of biology in single and multicellular organisms, cholinergic signaling 76 likely emerged as a mechanism to improve the resolution of acetylcholine activity to 77 regulate the biology of multicellular animals through cell-cell communication, and that it 78 was later co-opted to regulate neuronal signaling and muscle contractions. However, 79 because data investigating acetylcholine receptors outside of the bilaterians is sparse, it 80 is not clear when the neural and muscular functions of acetylcholine signaling evolved. 81 Because Cnidaria is the sister taxon to Bilateria and they are the only other metazoan 193 Our BLAST searches of updated genomic sequence data suggested that ten ). We conclude that we identified seven previously undescribed acetylcholine 207 receptors and that Nematostella has 21 total nicotinic acetylcholine receptors. 208 Our phylogenetic analysis did not suggest that any single Nematostella 209 cholinergic receptors was a definitive ortholog of previously described bilaterian 210 subunits. Three publications previously described Nematostella cholinergic genes, but 211 there is little consensus on the naming of these genes ( 218 To determine putative roles for the acetylcholine in Nematostella we 219 characterized the spatiotemporal expression pattern of the receptors by mRNA in situ 220 hybridization. We were able to clone and generate in situ probes for 13 of the 21 221 receptors all of which were expressed at some point during development (Figure 2 ). 222 The earliest expressed were NvnAchRαI and NvnAchRαF. NvnAchRαF is expressed in 223 salt and pepper pattern within gastrula and NvnAchRαF was expressed ubiquitously in 224 gastrula and then lost in planula stages ( Figure 2AK Figure 3Q ). The percentage of animals with tentacular contractions were > 78% at all 301 stages indicating that acetylcholine regulates tentacular contractions at all life stages. 302 This is consistent with our previous observations that juvenile polyp nervous systems 303 resemble adult nervous systems, but have fewer total neurons (Havrilak et al., 2017) . 304 We conclude that acetylcholine induces tentacular contractions in Nematostella, and 305 that acetylcholine mediated tentacular contraction is likely a conserved trait in cnidarian 306 polyps. 363 We identified the localization of a 13 out of the 21 nicotinic acetylcholine 364 receptors found within the Nematostella genome. Only a small subset showed a neural 365 or muscle like expression pattern (Figure 2) . Genes that appear to be non-neuronal and 366 non-muscle tend to be broadly expressed in one or more tissues (Figure 2) 
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